Recently we cloned two globin gene clusters from the genome of medaka (Oryzias latipes): one designated the embryonic globin gene cluster (E1; ). The E1 and A1 clusters map to linkage groups 8 and 19, respectively. The genes b1/a1, a3/b3, b4/a4, ca/cb and ad.a1/ad.b1 are organized in head-to-head orientation with respect to transcriptional polarity. The genes a0, a1 and a2 are arranged in tandem with the same orientation. The results suggest that a variety of events occurred in globin gene evolution such as chromosomal translocation, duplication of a/b-paired genes, tandem duplication of single a genes and the transformation of one pair of a/b-paired genes into pseudogenes (ca/cb). Amino acid sequences predicted from the genes were compared with those of 42 a and 55 b teleostean globins using the neighbor-joining or maximum likelihood methods. The phylogenetic trees that were generated classified the teleostean globins into at least four groups, tentatively named 'Embryonic Hb Group (I)', 'Notothenioid Major Adult Hb Group (II)', 'Anodic Adult Hb Group (III)' and 'Cathodic Adult Hb Group (IV)'. The medaka genes a0, b1, a1, a2, a3, b3, b4 and a4 belong to group I, and ad.a1 and ad.b1 to group II. Further analysis suggests that ca/cb and b2/ad.a2 belong to groups III and IV, respectively. Thus, globin genes in the medaka probably were diversified from four ancestral genes, one for each group. On the basis of the gene comparisons, we present a hypothetical pathway for globin gene evolution in the medaka. q
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Introduction
Hemoglobin functions as a molecular machine for oxygen transport in many organisms. In primitive vertebrates such as the lamprey it is a monomeric molecule (Hendrickson and Love, 1971; Goodman, 1976; Dickerson and Geis, 1983) . In higher vertebrates it is a tetrameric molecule consisting of two a globin chains and two b globin chains. It is believed that an ancestral globin gene for the monomeric hemoglobin was duplicated to evolve into both a and b globin genes approximately 500 -570 million years ago (Goodman et al., 1975) .
Among vertebrates, teleosts form a large group of considerably diversified species and adapt themselves to various environments. For example, Antarctic fishes (Notothenioidei) inhabit the circumference of the South Pole enclosed by the Circum-Antarctic Current running between 50 and 60 8S. It is speculated that they came to have a much lower content of erythrocytes and hemoglobin in response to progressive cooling of the environment. The Antarctic fishes have two types of hemoglobin, major and minor. Molecular phylogenetic analysis of amino acid sequences has shown that a and b globins of the major hemoglobin form a monophyletic group among those of various teleosts. The globins of minor hemoglobin also form another monophyletic group. The two groups are paraphyletic (Stam et al., 1997) . This suggests that Antarctic fish globins consist of at least two paralogous molecules. Recently it has been suggested that a hypothetical mechanism of 'positive selection', defined as a rate of non-synonymous to synonymous nucleotide substitutions K A =K S higher than 1, resulted in diversification of the major hemoglobin toward specialized functions during the cold adaptation of the species (Bargelloni et al., 1998) .
As an extreme example, the Notothenioid family Channichthyidae (icefishes) is characterized by the total lack of hemoglobin (Ruud, 1954) . The icefishes have lost adult b globin genes from their genomes, but they still possess inactive genomic remnants of adult a globin genes (Cocca et al., 1995; Zhao et al., 1998) .
In addition to such studies on environmental adaptation and molecular evolution, the physiological and functional properties (Riggs, 1970; di Prisco, 1992; Clementi et al., 1994) , crystal structure (Ito et al., 1995; Tame et al., 1996; Mazzarella and D'Avino, 1999) , function-associated conformational changes (Atha and Riggs, 1982; Riggs, 1998; Manning et al., 1998) and genomic globin gene organization (McMorrow et al., 1996; Miyata and Aoki, 1997; Chan et al., 1997; Zhao et al., 1998; Flint et al., 2001 ) of the adult hemoglobin of some teleostean fishes have been extensively investigated. However, our understanding of globin gene evolution in teleosts is still insufficient. This is ascribable to the lack of studies characterizing the full-length structure of the globin gene locus (see the review article by Hardison, 1998) . In particular, there is no analysis of the genomic organization of embryonic globin genes.
It is well known that embryonic hemoglobin is present in vertebrates such as mammals (Proudfoot et al., 1982) , birds (Chapman and Hood, 1982) and amphibians (Wakahara and Yamaguchi, 2001) , and the hemoglobin has been extensively investigated (Collins and Weissman, 1984) . We first identified and characterized embryonic hemoglobin in rainbow trout Oncorhynchus mykiss (Iuchi and Yamagami, 1969; Iuchi, 1973 Iuchi, , 1985 ; it was originally called larval hemoglobin, HbL), and recently we cloned two a and two b globin cDNAs from the trout embryos (Maruyama et al., 1999) . In addition, there is a study on an embryonic b globin cDNA in zebrafish Danio rerio (Quinkertz and Campos-Ortega, 1999) . More recently, we determined the fulllength structure of the globin gene locus of medaka Oryzias latipes (Maruyama et al., 2004) . In the present study, we investigate globin gene evolution based on these results, and we prove that teleostean embryonic globins form a monophyletic group among all the teleostean globins previously determined. Moreover, we demonstrate a hypothetical pathway of globin gene evolution of medaka. This is one of the models for understanding teleostean globin gene evolution.
Results

Different chromosomal location of embryonic and adult globin gene clusters in the genome of medaka
The genomic organization of globin genes has been extensively investigated in various vertebrates. Genes for a and b globins in mammals and birds are located on different chromosomes, and are physically located in the order they are expressed during development, from embryonic, fetal to adult (Dodgson et al., 1979; Collins and Weissman, 1984; Farache et al., 1990) . The b globin genes in the human are located on chromosome 11 in the order 5
0 , while the a globin genes are on chromosome 16 in the order 5 0 -z2-z1-ca-ca-a2-a1-u-3 0 . In amphibians such as Xenopus laevis, a major cluster consists of genes for three a globins and two b globins expressed in tadpoles (L) and frogs (A) (Hosbach et al., 1983) , and the genes are located on the same chromosome in the order
0 , all with the same transcriptional polarity (Patient et al., 1980) .
Recently the full-length structure of the globin locus in the drR strain of medaka O. latipes was determined (Maruyama et al., 2004) . As probes, we used three embryonic globin cDNAs, em.a-0, em.a-1 and em.b-1, isolated from a 5-day-embryo cDNA library, and two adult globin cDNAs, ad.a-1 and ad.b-1, isolated from an adult kidney cDNA library (Maruyama et al., 2002) . As summarized in Fig. 1A , we found two globin gene clusters. A southern blot analysis found no evidence of other globin gene clusters, suggesting that the study probably covers almost all globin genes in the medaka genome. As shown in Fig. 1A , one cluster consists of five a globin genes (a0 to a4), four b globin genes (b1 to b4), and one a and one b globin gene-like pseudogene (ca and cb). The coding regions of a0, a1 and b1 were identical to those of the embryonic globin cDNAs, em.a-0, em.a-1 and em.b-1, respectively. Similarly, a2, a3, b3, a4 and b4 were highly homologous to the cDNAs (80 -85% similarity at the nucleotide level). This cluster was named the embryonic globin gene cluster (E1). The other cluster consisted of two a globin genes (ad.a1 and ad.a2) and one b globin gene (ad.b1). The coding regions of ad.a1 and ad.b1 gene were identical to the adult globin cDNAs, ad.a-1 and ad.b-1, respectively. This cluster was named the adult globin gene cluster (A1).
Two genes, b2 in E1 and ad.a2 in A1, were considerably different from the other genes in their respective clusters, and were quite unique as described later.
Genetic linkage analysis using typing panels constructed from over 1000 genes by Naruse et al. (2000) revealed that the E1 cluster mapped to linkage group 8, while the A1 mapped to linkage group 19 (Maruyama et al., 2004 ; http:// mbase.bioweb.ne.jp/dclust/ml_base.html). This is the first demonstration of different chromosomal locations of embryonic and adult globin genes in vertebrates. These findings suggest that ancestral globin genes were translocated from chromosome to chromosome during evolution (Fig. 8) . Thus, the genomic organization of globin genes in the teleost, medaka, was quite different from that of other vertebrates.
Globin gene duplication
Within the clusters, the gene pairs a1 and b1, a3 and b3, a4 and b4, ca and cb, or ad.a1 and ad.b1 were adjacent in head-to-head orientation with respect to transcriptional polarity (Fig. 1A) . Other genes such as a0, a2, b2, and ad.a2 were not. This head-to-head structure has been frequently observed in the globin genes of other teleosts (Atlantic salmon Salmo salar, McMorrow et al., 1996 ; carp Cyprinus carpio, Miyata and Aoki, 1997; zebrafish D. rerio, Chan et al., 1997 ; one of the Antarctic fishes Notothenia coriiceps, Zhao et al., 1998) .
We examined the molecular phylogenetic relationship of the nucleotide sequences of the deduced coding regions of a globin genes (a0, a1, a2, a3, a4, ca, ad.a1 and ad.a2), b genes (b1, b2, b3, b4, cb and ad.b1), and artificially respectively. ca and cb are a and b globin gene-like pseudogenes, respectively. The E1 cluster is 36 kbp long, while the A1 is 25 kbp long. The E1 cluster contained an ankyrin gene-like gene at the left end, a Sushi-1 retrotransposon-like sequence within the central region (shown by an arrow between a2 and b3), and a protein 14 gene-like gene at the right end. The A1 cluster linked to an aquaporin gene-like gene at the left end (Maruyama et al., 2004) . Arrows indicate the transcriptional direction. (B): Comparison of amino acid sequences of a or b globins of medaka with those of a or b globins of coelacanth and human. The sequences were aligned with the CLUSTAL W program. *,: and . indicate positions of the 'single, fully conserved' residue, the 'strongly conserved group' residue, and the 'more-weakly conserved group' residue, respectively, defined by the algorithm of the program. conjugated a and b genes (a1-b1, a3-b3, a4-b4, cacb and ad.a1-ad.b1). Using human a, b and a -b globin cDNAs as outgroups, the sequences were compared according to the neighbor-joining method in the program MEGA2. Distance was determined by nucleotide substitution-based estimation ðP-distance; Nei and Kumar, 2000) . As shown in Figs. 1A and 2A, a0, a1 and a2 are transcribed in the same direction and share closely related topologies. This suggests that the three genes a0, a1, and a2 were generated by the tandem duplication of a single ancestral a gene. The distances between them show that these genes were duplicated and diversified at a relatively late stage of evolution. In fact, only 2 nucleotide substitutions were found between a0 and a1, and the deduced amino acid sequences of the two were identical.
The topological relationship of a1 (representative of the closely related genes a0, a1 and a2), a3, a4, ca1, ca2 (described later in detail) and ad.a1 genes was quite similar to that of b1, b3, b4, cb and ad.b1 genes (Compare Fig. 2A and B). In addition, such relation resembled that of artificially conjugated genes, a1-b1, a3-b3, a4-b4, ca1 -cb, ca2 -cb and ad.a1 -ad.b1 (Fig. 2C ).
This suggests that paired genes such as a1-b1, a3-b3, a4-b4, ca -cb and ad.a1-ad.b1 were generated by duplication of ancestral a/b-paired genes. The a/b-paired genes with head-to-head structure were probably a unit for this gene duplication (Figs. 7 and 8) .
Moreover, this analysis shows that the phylogenetic positions of b2, ca and cb in the E1 cluster and ad.a2 in the A1 cluster are far from those of the other globin genes in their clusters (Fig. 2 ). This will be discussed later.
The cluster E1 seems to be divided into two sub-clusters ( Figs. 1 and 8) . In sub-cluster I consisting of a0, b1, a1, b2 and a2, the three a globin genes (a0, a1 and a2) are oriented in the same transcriptional direction, and were probably generated by the tandem duplication of an ancestral single a gene as mentioned above. The genes in sub-cluster II (a3, b3, b4, a4, ca and cb) were probably formed by duplication of ancestral a/b-paired genes. A recent study using RT-PCR showed that developmental expression patterns of globin genes in sub-cluster I are somewhat different from those in sub-cluster II (Maruyama et al., 2004) . Genes a0 and a1 in sub-cluster I are expressed in embryos and young fish one month after hatching, and their expression nearly synchronizes with that of b1. a2 is expressed mainly in post-hatching larvae and fully grown adults. Genes a3 and a4 in sub-cluster II are expressed only in embryos, and their expression synchronizes with that of b3 and b4, respectively. In addition, sub-cluster I includes a unique gene b2, while sub-cluster II includes the pseudogenes ca and cb.
We found a Sushi-1-like retrotransposon in a 7 kbp-long inter-genic region between a2 in sub-cluster I and a3 in subcluster II (Fig. 1) . It occurs frequently in the pufferfish genome Fugu rubripes (Poulter and Butler, 1998) . The medaka homologue, whose amino acid sequence is 58.5% identical to the pufferfish sequence, encodes a reverse transcriptase/RNase H domain but lacks the codes for a gag domain. It may be a pseudogene.
Amino acid-based phylogenetic analysis of medaka globins
We predicted open reading frames (ORF) for the genes. The alignment of amino acid sequences is shown in Fig. 1B . ORFs could not be predicted for ca and cb. The medaka sequences are highly congruent in ORF with those of human and coelacanth. However, many amino acid substitutions are found when we looked, especially in b2 and ad.a2 globins.
We analyzed the phylogenetic relationship between medaka and other teleostean globin molecules. Amino acid sequences directly determined by Edman degradation and those deduced from cDNAs or genes were aligned with CLUSTAL W and analyzed with the MOLPHY program. A distance based on amino acid substitutions per site was calculated from transition probability matrices using the JTT (Jones et al., 1992) or JTT-F (Cao et al., 1994) models. Final results using the two matrices were fundamentally consistent. A tree topology was determined by the neighborjoining method in MOLPHY or MEGA2. The two results were similar, but lower bootstrap values were found in some internal branches (sub-trees). To search a better topology through local rearrangement of the internal branches, we performed further analysis using the RELL algorithm packaged with MOLPHY.
As shown in Figs. 3 and 4, we constructed phylogenetic trees. There are a few branches having bootstrap values lower than 50%. Fig. 3 shows a tree of a globin sequences of various teleosts constructed using a globin sequences of human (Mammalia), chicken (Aves), turtle (Reptilia), bullfrog (Amphibia), dogfish (Elasmobranchii) and coelacanth (Euteleostomi; Coelacanthiformes; Coelacanthidae) as outgroups. A similar analysis of teleostean b globins was performed using coelacanth and human b globins as outgroups (Fig. 4) . Although there were some exceptions, the topological relationship of a globin genes in the a tree ( Fig. 3) was highly similar to that of the b genes in the b tree (Fig. 4) . The trees contained at least four groups of teleostean globins. We tentatively named them 'Embryonic Hb (hemoglobin) Group', 'Notothenioid Major Adult Hb Group', 'Anodic Adult Hb Group' and 'Cathodic Adult Hb Group', and labeled the branches of the four groups I, II, III and IV in Figs. 3 and 4.
Embryonic Hb group (I): As described above, amino acid sequences deduced from the genes a0, b1, a1, a2, a3, b3, b4 and a4 in the E1 cluster were highly homologous to those deduced from cDNAs em. a-0, em. a-1, em. b-1 isolated from the 5-day-embryo cDNA library. These medaka a and b globins were classified into one group distinct from the group of adult a and b globins of various teleosts including the medaka (Figs. 3 and 4 ). This group also included embryonic rainbow trout O. mykiss a and b globins (Maruyama et al., 1999) , and embryonic zebrafish b globins (Quinkertz and Campos-Ortega, 1999) . These embryonic globins form a monophyletic group. This was confirmed by analysis using the maximum parsimony method (data not shown).
The figures show that the Embryonic Hb Group includes globins of minor adult hemoglobin of Antarctic fishes, and adult hemoglobin of the Atlantic cod Gadus morhua, whiting Merlangius merlangus and haddock Melanogrammus aeglefinus. The adult hemoglobin of the Atlantic cod is said to be unstable and its functional properties correlate with cold environment (Brix et al., 1998) . A similar observation has been made about the embryonic hemoglobin of rainbow trout (Iuchi and Yamagami, 1969; Iuchi, 1973) . In addition, the embryonic hemoglobin has high oxygen affinity and no or little Bohr effect (Iuchi, 1973) .
Notothenioid major adult Hb group (II): As shown in Figs. 3 and 4, the present analysis found that a and b globins of the major adult hemoglobin of Antarctic fishes (Notothenioidei) were quite different from a and b globins of the minor adult hemoglobin of the same species, respectively. Although each branch includes globins of some species other than Antarctic fishes, we can conclude that each of them forms a monophyletic group. This conclusion is fundamentally similar to the result obtained according to the other method, maximum parsimony (Stam et al., 1997) .
The adult medaka a globin, ad.a1, is included in this group (Fig. 3) . The adult medaka b globin, ad.b1, is outside this group but seems to be closely related to globins in this group (Fig. 4) . In another analysis using b globin cDNAs, ad.b1 was included in this group (Fig. 6B) . Therefore, we conclude that the medaka adult globins ad.a1 and ad.b1 are closely related to globins in Notothenioid Major Adult Hb Group, and they are quite different from the embryonic globins of this species.
Anodic Adult Hb Group (III) and Cathodic Adult Hb Group (IV): Two adult hemoglobin components of rainbow trout, HbI and HbIV, have been well characterized in terms of their physiological and biochemical properties (Binotti et al., 1971) , and extensively investigated (Bossa et al., 1978; Barra et al., 1983; Petruzzelli et al., 1984 Petruzzelli et al., , 1989 Tame et al., 1996; Yoshizaki et al., 1997) . HbI has most-cathodic mobility in electrophoresis, high oxygen affinity and little or Fig. 3 . A phylogenetic tree of teleostean a globins. Amino acid sequences of a globins listed in Table 1 were aligned with CLUSTAL W and analyzed with MOLPHY. Embryonic a globins are shown in red, while adult a globins of medaka O. latipes, rainbow trout O. mykiss, and zebrafish D. rerio are indicated in bluish purple, light blue and green, respectively. The globin of a unique gene ad.a2 of the O. latipes is indicated in pink. The a globins constituting major and minor hemoglobin of Antarctic fishes are depicted in gray, and distinguished by @Maj and @Min, respectively. Groups, 'Embryonic Hb Group', 'Nothotheioid Major Adult Hb Group', 'Anodic adult Hb group' and 'Cathodic adult Hb group', are shown by I, II, III and IV, respectively. Human, chicken, turtle, bullfrog, dogfish, and coelacanth a globins were used as outgroups. Numbers above the branches are bootstrap values, and the scale shows the distance based on amino acid substitutions per site. no Bohr effect, while HbIV has most-anodic mobility, low oxygen affinity and high Bohr and Root effects. The a and b globins of HbI were grouped into branches significantly different from those of HbIV (Figs. 3 and 4) . Such divergence was seen in the b globins of other salmonid fish S. salar (Fig. 4) . One group including the HbI a and b globins was tentatively named 'Cathodic Adult Hb Group (IV)', the other group including those of HbIV was called 'Anodic Adult Hb Group (III)'. The European eel Anguilla anguilla is well known to have two types of adult hemoglobin components, cathodic hemoglobin HbC and anodic hemoglobin HbA. Eel HbC displays a high oxygen affinity and low pH sensitivity (a small Bohr effect). It has peculiar properties such as a reverse Bohr effect (an increase in oxygen affinity at low pH) and high phosphate sensitivity (Fago and Carratore, 1995) . On the other hand, eel HbA exhibits a low oxygen affinity and a pronounced Bohr effect (Weber et al., 1976) . The a and b globins constituting eel HbC are grouped into the same branch as those of the cathodic HbI of rainbow trout, while the globins of eel HbA are grouped into the branch that includes rainbow trout anodic HbIV (Figs. 3  and 4) . Both the moray Muraena helena (Pellegrini et al., 1995) and the bimodal gill(water)/gut(air)-breathing Amazon catfish Hoplosternum littorale (Weber et al., 2000) have cathodic and anodic hemoglobin components also. Their a and b globins belong to two different clades, the Cathodic and Anodic Adult Hb Groups.
The adult globins of another large group of teleosts, the Cypriniformes (carp, goldfish Carassius auratus and zebrafish), are in a sub-group of the Anodic Adult Hb Group (Figs. 3 and 4) . The oxygen affinity of adult carp hemoglobin shows an extreme pH-dependence (high Bohr effect). At alkaline pH it is 160 times higher than at acid pH (Chien and Mayo, 1980) . In addition, cDNAs for carp globins are extremely highly polymorphic within this group (Fig. 6A and B) . No other group of adult hemoglobin has been discovered in Cypriniformes.
As described above, the medaka b2 globin gene is quite different from other medaka b genes (Fig. 2B) . b2 globin is located within a branch of the Cathodic Adult Hb Group (Fig. 4) . Another globin coded by the ad.a2 gene in the adult globin gene cluster A1 is located outside all the groups of teleostean a globins (Fig. 3) . The topology of ad.a2 among all teleostean a globins seems to be similar to that of b2, that is, ad.a2, like b2, is at the farthest position in all medaka a globin genes (Fig. 2) . We assume that the ad.a2 has been diversified from an ancestral gene belonging to the Cathodic Adult Hb Group (Figs. 7 and 8) .
Thus, according to this analysis there are at least four distinct groups of globin genes in teleosts, and the medaka has three types of globin genes belonging to the Embryonic Hb, Notothenioid Major Adult Hb and Cathodic Adult Hb Groups.
Globin gene-like pseudogenes
a and b globin gene-like pseudogenes, ca and cb, were found in embryonic globin gene cluster E1 (Fig. 1) . Although the overall nucleotide sequences of their predicted coding regions were similar to those of other globin genes, we could not find any ORFs. In the 5 0 -upstream sequence of the ca gene, neither transcription start site nor TATA-box could be found (Maruyama et al., 2004) , but some transcription factor binding sites such as the GATA-box and CACCC-box were still conserved. Homology analysis suggested that the gene ca consisted of four exon-like sequences (Fig. 5A ). Both the 2nd and 3rd exon-like sequences were homologous to the 2nd exons of other functional a globin genes such as a0, a2, a3, and a4 (60 -65% similarity at the nucleotide level), and the two were highly homologous to each other (80% similarity at the nucleotide level). This suggests an evolutionary occurrence of the tandem duplication of the 2nd exon. The 2nd and 3rd sequences were tentatively named exon 2 and exon 2 0 , respectively (Fig. 5A) . RT-PCR could find no evidence that cb was expressed in the medaka (Maruyama et al., 2004) . These results suggest that ca and cb are pseudogenes.
We performed a BLAST search using a hypothetical coding sequence predicted from cb. The result showed that this sequence was highly homologous to that of the cDNA for adult b globin of the five-ray yellow tail Seriola quinqueradiata (Fig. 5B) , the similarity of which was 76.8% in 442 nucleotides, about 20% higher than that of other medaka globin cDNAs or genes. Using the neighbor-joining method in the MEGA2 program, we performed phylogenetic analysis of teleostean b globin cDNAs including the nucleotide sequence of cb (Table 3 and Fig. 6B ). All operational taxonomic units (OTU) were compared based on nucleotide substitution-based distance, not codon-based distance. As shown in Fig. 6B , the bifurcating pathway of some globin cDNAs in the tree was not necessarily the same as that of the amino acid substitution-based analysis shown in Fig. 4 . This may be due to the fact that no globin cDNAs for minor adult hemoglobin of Antarctic fishes have been cloned yet and so were not available for this analysis. Nevertheless, all teleostean b globin cDNAs investigated in the present study were classified into four groups corresponding to the groups shown in Fig. 4 : 'Embryonic Hb Group (I)', 'Notothenioid Major Adult Hb Group (II)', 'Anodic Adult Hb Group (III)' and 'Cathodic Adult Hb Group (IV)'. As expected, the cb was positioned near the branch of S. quinqueradiata.
To further investigate this result, we modified the nucleotide sequence of cb. Referring to the S. quinqueradiata sequence, two nucleotide deletions (A, upward arrows in Fig. 5B ) and two nucleotide insertions (G and T, downward arrows in Fig. 5B ) were added to the cb sequence. The resultant sequence was tentatively named cb 0 . From cb 0 we could determine an ORF and deduced an amino acid sequence. cb 0 was homologous to adult b globins in the Anodic Adult Hb Group (III, 57-69% in amino acid). As shown in the tree of Fig. 4 , a molecular phylogenetic analysis revealed that cb 0 was located near the branches of adult b globins of S. quinqueradiata. The fact that a minor modification such as two nucleotide deletions and two insertions could find an ORF in cb suggests that a recent ancestor of cb was functional as an adult globin gene. We assume that the change of a functional adult b globin gene belonging to the Anodic Adult Hb Group into a pseudogene occurred at a relatively late stage of evolution (Fig. 8) .
A similar analysis is possible for the pseudogene ca. As described above, the pseudogene ca consists of four hypohetical exons, exon 1, exon 2, exon 2 0 and exon 3. We tentatively constructed coding sequences consisting of exon 1, exon 2 and exon 3 (ca1) and of exon 1, exon 2 0 and exon 3 (ca2), and analyzed their phylogenetic relationship with teleostean a globin cDNAs using the neighbor-joining method in the MEGA2 program (Table 2 and Fig. 6A ). Distances were determined by nucleotide substitution-based estimation. Because a sufficient number of OTUs, especially a globin cDNAs of Antarctic fishes, was not available, the phylogenetic tree constructed from these cDNAs was considerably different from the a globin tree of Fig. 3 , and many branches having lower bootstrap values were found. However, as shown in Fig. 6A , the two cas were located near the adult a globin cDNAs of S. quinqueradiata belonging to the Anodic Adult Hb Group. Thus, the pseudogenes ca and cb are probably traces or residues of ancestral a and b globin genes belonging to Anodic Adult Hb Group. The two sequences were aligned according to the CLUSTAL W program. Identical nucleotides and gaps are shown as * and -, respectively. 76.8% of the nucleotides in 442 base pairs were identical. A minor modification of two deletions (A at the upward arrows) and two insertions (G and T at the downward arrows) was added to the cb, and the new sequence was tentatively named cb 0 . From cb 0 an ORF could be determined, and the amino acid sequence of cb 0 was used in the analysis of amino acid substitution-based phylogeny (see Fig. 4 ).
As described above, an amino acid substitution-based analysis revealed that an ancestral medaka had three globin genes belonging to the Embryonic Hb, Notothenioid Major Adult Hb and Cathodic Adult Hb Groups. In addition, an analysis of pseudogenes showed that the ancestor had an additional ancestral globin gene in the Anodic Adult Hb Group. In other words, it is plausible to conclude that an ancestral medaka had genes representative of all four groups of ancestral teleostean globin genes (Fig. 7) .
Discussion
As described in the Introduction, it is generally accepted that an ancestral globin gene for monomeric hemoglobin of jaw-less vertebrates such as Myxine was duplicated to form ancestral globin genes of jawed vertebrates, which diversified into two genes for a and b globins constituting tetrameric hemoglobin (Goodman et al., 1975; Goodman, 1976; Hardison, 1998) . Based on the full-length structure of Table 3 and the sequence deduced from the pseudogene cb in the medaka genome (Fig. 5B) were aligned with CLUSTAL W, and analyzed by the neighbor-joining method in MEGA2. The globin cDNAs for minor hemoglobin of Antarctic fishes have not been determined to date. A branch for cb is represented with a broken line. Human 1 and b globin cDNAs were used as outgroups. Numbers above or below the branches are bootstrap values, and the scale shows the distance based on nucleotide substitutions per site. Although bifurcation pathways were not completely the same as Fig. 4 , these b globin cDNAs were classified into four groups, I, II, III and IV. Fig. 7 . A hypothetical pathway of teleostean globin gene duplication, and ancestors of teleostean globin genes. Although there are some exceptions, all teleostean globins investigated in the present study were classified into four groups, Embryonic Hb Group (I), Notothenioid Major Adult Hb Group (II), Anodic Adult Hb Group (III) and Cathodic Adult Hb Group (IV). In addition, globin genes found in the medaka were assigned to the four groups. We assume that one pair of a/b globin genes with head-to-head orientation was duplicated at least three times to evolve into the ancestors of the four types of teleostean globin genes, a(I)/b(I), a(II)/b(II), a(III)/b(III) and a(IV)/b(IV). The a and b globin genes with head-to-head orientation are shown with slash. 1, 2 and 3 are sites of the gene duplication steps.
medaka globin gene locus, we tried to reconstruct some of the past events that had produced various types of medaka globin genes. We propose a hypothetical pathway of medaka globin gene evolution. This pathway, schematically summarized in Figs. 7 and 8, provides a model for understanding teleostean globin gene evolution.
Ancestral globin genes in teleosts: Although there are some exceptions, amino acid substitution-based phylogeny of teleostean globins reveals that ancestral a or b globin genes diversified into at least four groups of genes. Probably one pair of a and b globin genes with head-to-head orientation was duplicated at least three times at the earliest stage of teleostean globin gene evolution. As shown in Fig. 7 , we first assume a pathway of gene duplication and diversification. In fact, the analysis performed in the present study shows that descendants of the four ancestral globin genes were assigned into their respective genes in the medaka O. latipes. Second, we assume that the resultant gene organization was probably formed through the steps shown in 1, 2 and 3 of Fig. 8 , corresponding to the gene duplication steps of 1, 2 and 3 shown in Fig. 7 , respectively. Although the position and orientation of genes still remain unclear, the final organization probably was cluster on the other chromosome (linkage group 8). The possibility is not precluded that ad.a2 and b2 are descendants of the split a and b genes, respectively. In fact, the b2 and ad.a2 genes are not in headto-head orientation, and they are quite unique among all medaka globin genes in the following sense: b2 in the E1 cluster is far from other medaka b genes (Figs. 2 and 4) , and was placed in a branch of the Cathodic Adult Hb Group (IV, Figs. 4 and 6B) . Although the structure of the 5 0 /3 0 -noncoding regions, transcription start site and putative TATAbox of the b2 gene was quite similar to those of other functional b globin genes, we did not have any evidence of its expression throughout the development of medaka (Maruyama et al., 2004) . The b2 gene may be expressed in a specific environment such as a high temperature, loweroxygen condition. However, it remains unclear whether the b2 globin is functional in the medaka or not.
The structure of the ad.a2 gene in the A1 cluster was also quite unique. Although the positions of two introns were highly conserved, they were extraordinarily long (1106 bp in intron 1 and 964 bp in intron 2), and the 5 0 -non-coding region of its mRNA was also very long (153 bp) (Maruyama et al., 2004) . RT-PCR showed that this gene was mainly expressed during the embryonic stage.
The phylogenetic location of the nucleotide and amino acid sequences of the b2 gene is nearly similar to that of the ad.a2 globin (Figs. 2, 3 and 4) . In addition, the location of the artificially conjugated ad.a2-b2 gene (Fig. 2C ) is close to both the location of ad.a2 in the a globin tree ( Fig. 2A) and the location of b2 in the b globin tree (Fig. 2B) . This raises the possibility that the two genes, ad.a2 and b2, formed an a/b-pair at an earlier stage of evolution, and had been split from each other probably at the time of Hb Group (IV)', respectively. We assume that the gene clusters shown in 1, 2 and 3 were formed through gene duplication steps 1, 2 and 3 shown in Fig. 7 , respectively. Ancestral genes shown with an under-bar in 3 probably were translocated from chromosome to chromosome (4 and 5). At the time of the chromosomal translocation, an ancestral a gene was split from the b gene. Descendants of the split b and a genes probably are b2 in the E1 cluster and ad.a2 in the A1 cluster, respectively. After the translocation, another duplication of the a/b-paired genes occurred within the E1 cluster on linkage group 8, and formed sub-clusters I and II (6). A further evolutionary event in sub-cluster I was the tandem duplication of single a gene, while in sub-cluster II there was a duplication of a/b-paired genes. One of the a/b-paired genes, a(III)/b(III), that had existed at an earlier stage of evolution and had functioned as a globin gene for anodic adult hemoglobin, probably changed into a pseudogene during evolution. RTN is a Sushi-1-like retrotransposon. Stam et al. (1997) (continued on next page) chromosomal translocation of the genes. After that, diversification resulted in the two genes independently gaining an unknown, specialized function. Change of functional genes into pseudogenes: One pair of a/b-paired genes, a(III)/b(III) (Fig. 8) , which existed in an ancestor and had been translocated on linkage group 8, might have functioned as adult globin genes belonging to the Anodic Adult Hb Group. These a and b genes changed into pseudogenes during evolution. This is confirmed by the fact that a minor modification of the predicted coding region of cb could yield an ORF highly similar to adult b globins of S. quinqueradiata and that two coding nucleotide sequences predicted from ca also were highly similar to adult a globin cDNAs of S. quinqueradiata. The a gene may have changed into a pseudogene earlier than the b gene did.
Gene duplications in the E1 cluster: After the chromosomal translocation, another duplication of a/b-paired genes occurred in the E1 cluster on the chromosome of linkage group 8, and formed sub-clusters I and II (4 in Fig. 8 ). In sub-cluster I, the a1 and b1 genes were arranged in head-to-head orientation, while other a genes, a0 and a2, were in the same direction as a1. Therefore, there was probably a later tandem duplication of a single a gene in sub-cluster I (6 in Fig. 8 ).
There was probably a later duplication of a/b-paired genes in sub-cluster II (6 in Fig. 8 ), forming two pairs of a and b genes. The b gene belonging to the Anodic Adult Hb Group might have changed into a pseudogene at this stage (Fig. 8) . However, it is generally difficult to precisely estimate the time of such pseudogene formation because of the high rate of nucleotide substitutions in pseudogenes.
The hypothetical model shown in the present study (Fig. 8 ) proposes an evolutionary pathway of medaka globin gene diversification. However, this hypothesis includes some uncertainties. For example, the position and orientation of genes formed by gene duplication at an early stage of evolution are unclear. The possibility cannot be excluded that additional, unknown events occurred during evolution. Some alternative models may be possible.
Probable influence of change of functional adult globin genes into pseudogenes: The closely related genes, a0, a1 and a2 in the sub-cluster I of E1, all belong to the Embryonic Hb Group (Fig. 3) . RT-PCR (Maruyama et al., 2004) showed that a0 and a1 were expressed from the early embryonic stage until one month after hatching, and not expressed in adult fish, while a2 showed little expression in the embryos stage and mainly expressed in young and adult fish. The a2 globin gene is an adult globin gene with respect to developmental expression. The change of adult globin genes into pseudogenes might have had the effect of promoting the conversion of other globin genes expressed in embryos into the globin genes expressed in adults.
Comparison of globin gene loci between medaka, pufferfish and zebrafish: Recently Gillemans et al. (2003) showed that pufferfish (Takifugu rubripes and the closely related Spheroides nephelus) contain two distinct globin gene loci situated on separate chromosomes. One consists of only two a globin genes (a1 and a2), and the other of two a (a3 and a4) and one b globin genes. The former a globin gene cluster is quite unique in teleosts, and no b globin genes have been found in this cluster. We tentatively performed an amino acid-based phylogenetic analysis, showing that globins coded by the a1 and a2 genes were positioned near the medaka adult a globin (ad.a1) included in the 'Nothothenioid Major Adult Hb Group (II)' (data not shown).
In the latter a -b globin locus of the Takifugu genome, the gene orientation was . In the phylogenetic tree, the globins coded by the a3, b and a4 genes were located near those of the medaka ad.a1 (Group II), ad.b1 (Group II) and ad.a2 (Group IV), respectively (data not shown). Like the medaka gene ad.a2, the Takifugu gene a4 may be a descendant of the a gene split from the a/b-paired genes at an evolutionary event of translocation of the a/b-paired genes from chromosome to chromosome. Thus, this cluster Such synteny suggests that the adult globin gene cluster was diversified from an ancestor common to the medaka and the Takifugu. If the hypothesis of Gillemans et al. (2003) is correct, an ancestor of this cluster, after both the loss of the two a globin genes and the tandem duplication of the b gene, might have changed into the mammalian b globin gene cluster. Thus, comparison of globin gene loci between medaka and Takifugu provides some significant insights into globin gene evolution. However, no embryonic globin genes have been identified in the Takifugu genome. If the Takifugu genome contains no embryonic globin gene cluster, that would be an important difference between the medaka and Takifugu. To find out whether this is indeed the case, further investigation is necessary.
Recently, a careful search for embryonic globin genes has been performed on the genome of the zebrafish D. rerio (Brownlie et al., 2003) . Although based on incomplete physical structure, the study has confirmed the existence of two globin loci. The major locus was found to consist of both the embryonic and adult globin genes on the same chromosome of LG 3. Unlike the medaka, the embryonic globin gene pair were classified into 'Embryonic Hb Group (I)' and 'Anodic Adult Hb Group (III)', respectively (data not shown). This relationship was similar to that shown in the present study (Figs. 3 and 4) .
The other minor locus consisting entirely of embryonic globin genes ae4, be2 and be3 was localized on the chromosome of LG 12. The be3 globin has been predicted to be one of globins constituting the non-Bohr type hemoglobin. In fact, the C-terminal residue of the be3 globin chain is phenylanaline, not histidine. As Brownlie et al. (2003) also discussed, the C-terminal histidine in b-chain is thought to be one of two amino acids required for hemoglobin exhibiting the Bohr effect (Shih et al., 1993) . Like the zebrafish be3 globin, the Cterminals of b2 and b4 globins coded by the medaka embryonic globin gene cluster were lysine and tyrosine, respectively (Fig. 1) . A preliminary phylogenetic analysis showed that the zebrafish be3 globin was classified into 'Embryonic Hb Group (I)' including the typical embryonic globins b1, b3 and b4 of the medaka, but was not positioned near the unique medaka globin b2 (data not shown). Thus, comparison of globin gene loci between the zebrafish and the medaka is interesting. We await determination of the complete physical structure of zebrafish globin gene loci. At present, we can perform comparative genome analysis of globin gene clusters among phylogenetically different teleosts such as medaka, pufferfish and zebrafish. We will further investigate teleostean globin gene evolution.
For a better understanding of teleostean globin gene evolution, in addition to determination of the full-length structures of globin gene loci of other teleosts, it is essential to investigate the structure and function of cis-regulatory regions such as the 'locus control region' responsible for the erythroid cell-and developmental stage-specific expression of the genes. An evolutionary pathway assumed from such studies should be compared with this medaka model shown in Figs. 7 and 8 as well as the Takifugu and zebrafish models.
Experimental procedures
Recently we determined the full-length structure of globin gene locus of the teleost medaka O. latipes and demonstrated the developmental expression patterns of all of its globin genes (Maruyama et al., 2004) . In addition to the results, we used amino acid sequences of globins and nucleotide sequences of globin cDNAs or globin genes of other vertebrates. They are listed in Tables 1, 2 , and 3 together with species, hemoglobin/globin names, abbreviations, references and accession numbers in DDBJ/EMBL/ GenBank. Some amino acid sequences in Table 1 were directly determined by Edman degradation, while others were predicted from nucleotide sequences of globin cDNAs or genes. We aligned the sequences using the CLUSTAL W program version 1.7 (Thompson et al., 1994) . Phylogenetic analysis was performed according to the maximum likelihood method in the MOLPHY program version 2.3 (Adachi and Hasegawa, 1996a,b) or the neighbor-joining method in the MEGA2 program version 2.1 (Kumar et al., 2001; Nei and Kumar, 2000) . We tentatively estimated differences between genes based on synonymous or nonsynonymous nucleotide substitutions according to the PAML program version 3.1 (Yang, 2002) . 
